Trypanosoma secretome was shown to be involved in parasite virulence and is suspected of interfering in parasite life-cycle steps such as establishment in the Glossina midgut, metacyclogenesis. Therefore, we attempted to identify the proteins secreted by procyclic strains of T. brucei gambiense and T. brucei brucei, responsible for human and animal trypanosomiasis, respectively. Using mass spectrometry, 427 and 483 nonredundant proteins were characterized in T. brucei brucei and T. brucei gambiense secretomes, respectively; 35% and 42% of the corresponding secretome proteins were specifically secreted by T. brucei brucei and T. brucei gambiense, respectively, while 279 proteins were common to both subspecies. The proteins were assigned to 12 functional classes. Special attention was paid to the most abundant proteases (14 families) because of their potential implication in the infection process and nutrient supply. The presence of proteins usually secreted via an exosome pathway suggests that this type of process is involved in trypanosome ESP secretion. The overall results provide leads for further research to develop novel tools for blocking trypanosome transmission.
Introduction
Tsetse flies are vectors of African trypanosomes, the causative agents of sleeping sickness in humans and nagana in animals. Following a long period of increasing prevalence, human African trypanosomiasis now seems to be decreasing [1] . However, this debilitating disease still affects a wide range of people in sub-Saharan Africa [2] and is invariably fatal if untreated. Nagana is estimated to cost African agriculture US $4.5 billion per year [3] . Until now, drugs have been unsatisfactory, some being toxic and all difficult to administer [1] . Furthermore, resistance to drugs is increasing [4] . Therefore, the search for novel strategies must continue and among them are alternative vector-based strategies [5] . These strategies require a clear and full understanding of the various steps and mechanisms involved in the transmission of the parasite. To be transmitted, trypanosomes must undergo cycles of development of varying complexity within the tsetse fly, transforming from bloodstream forms to procyclic nonmammalian infective forms in the fly midgut (establishment). To complete their life cycle, Trypanosoma brucei brucei and the causative agents of human African trypanosomiasis, Trypanosoma brucei rhodesiense, and Trypanosoma brucei gambiense must migrate from the midgut to the salivary glands where they transform into infective metacyclic forms. The fly's ability to acquire the parasite, favor its maturation, and transmit it to a mammalian host is known as vector competence, which depends on complex interactions between Glossina, the parasite, and the environment. The factors involved in establishment are largely unknown and those involved in maturation are unclear. Nevertheless, among factors involved in vector competence appear to be the sex of the fly [6, 7] , the trypanosome genotype [8] , the tsetse intestinal lectin [9, 10] , and the tsetse immune responses [11] . More recently, antioxidants have been shown to greatly increase midgut trypanosome infection rates in tsetse [12] , suggesting that oxidative stress plays a role in the refractoriness of tsetse to trypanosome 2 Journal of Biomedicine and Biotechnology infection. Moreover, a NO signal has been suggested to be required to promote the trypanosome migration to the salivary glands and its subsequent maturation into mammalian infective forms [13] . Different Glossina species exhibit large differences in vector competence [14, 15] . Nevertheless, vectorial competence of a given Glossina species could also be influenced by the nature of the parasite species [16] . Moreover, differences in the establishment and maturation rates have even been observed for different genotypes belonging to a given parasite subspecies [17] . These observations demonstrate the complexity of the mechanisms governing parasite development in the tsetse fly. Given that knowledge on the infection process that remains limited, further studies are required to characterize the overall Glossina-parasite molecular interactions.
The identification of the proteins secreted by the insect procyclic parasite may contribute to the increasing of the understanding of the infection process and lead to the identification of potential targets for drug and/or vaccine design.
In this respect, we have investigated the excreted/secreted proteins (ESPs) produced by two procyclic Trypanosoma brucei parasite subspecies (T. brucei brucei and T. brucei gambiense) and compared their respective secretomes.
Materials and Methods

Procyclic Parasite
Cultures. STIB 215 [18] and Biyamina [19, 20] procyclic forms of Trypanosoma brucei brucei and Trypanosoma brucei gambiense, respectively, were grown at 25 • C, in Cunningham's medium supplemented with 20% fetal calf serum. When the cultures displayed logarithmic growth, procyclic parasites were washed four times with phosphate buffer saline (PBS) and spun for 10 minutes for 2600 g at 25 • C.
Excreted/Secreted Protein (ESP)
Production. The parasites were resuspended at a concentration of 2 · 10 8 cells/mL in a secretion buffer [21] and incubated for 2 hours at 25 • C for ESP production. During the incubation process, the parasite cell viability was controlled every 15 minutes by flow cytofluorometry using the DNA intercalant propidium iodide (IP) procedure. Briefly, 2 · 10 6 parasites were incubated with 1 μg IP in 1 mL PBS as recommended by the manufacturer (Immunotech, Marseille, France). The cells were immediately analyzed with a FACScan flow cytometer (Becton Dickinson, Ivry, France) using an argon-ion laser. Cellular integrity was assessed by microscopic examination. After the 2-hour incubation, the secretion of ESPs was stopped by centrifugation of the parasites, 2600 g for 10 minutes at 4 • C. The supernatant was collected and filtered on 0.2-μm filter and immediately mixed with protease inhibitors. The ESPs were then concentrated by ultrafiltration on a PM -10 (10 KDa cut-off) membrane (Amicon) for further protein electrophoretic separation (SDS-PAGE). The protein concentration was determined by the Bradford dye binding procedure (Bio-Rad), and 300 μg of ESPs were further separated using SDS-PAGE.
Total Proteome Preparation.
Parasite pellets were resuspended at a concentration of 2 · 10 8 cells/mL of laemmli buffer. The protein concentration was determined, and 100 μg of proteins of the total proteomes were further separated using SDS-PAGE.
2.4. One-Dimensional Electrophoretic Analysis. Proteins from the different samples (ESPs and total proteome) were heated at 100 • C for 2 minutes and spun for 5 minutes for 14.000 g prior to separation using one-dimensional SDS-PAGE. Proteins were separated on 24 × 18 cm Tricine/SDS/ureapolyacrylamide gels (12% acrylamide) [22] . After migration, the gels were fixed, and the proteins were visualized using coomassie brilliant blue R-250. Pictures of the gels were taken with an Amersham Biosciences Personal Densitometer (Bio-Rad).
Protein Identification by Mass Spectrometry.
Sixty four protein spots were excised manually from the onedimensional gels of ESPs, washed, digested with trypsin, and extracted with formic acid. Protein digests were analyzed using either a triple-quadrupole mass spectrometer (Q-TRAP 4000; Applied Biosystems), coupled to a nanochromatography system (Dionex) or an ion trap mass spectrometer (Esquire HCT; Bruker), and interfaced with an HPLC-Chip system (Agilent). MS/MS data were searched against NCBI and Trypanosoma brucei databases using Mascot software. Raw data were analyzed using Data Analysis software (Bruker) to generate a peak list for searching a Trypanosoma database extracted from the Sanger Institute. The Mascot (v2.2) search engine was used with the following parameters: one missed cleavage allowed for trypsin, carboxymethylation of cyst as fixed modification, methionine oxidation as variable modification, and a 0.6-Da tolerance range for mass accuracy in MS/MS. At least one matching sequence of tags of high quality was needed for positive identification of proteins. Potential false-positive identifications have been addressed as described by Elias et al., (2005) [23] , using identical search parameters against a database in which the sequences have been reversed. We set a false discovery rate (FDR) of 1%. When the Mascot peptide score was below (and even above) the Mascot peptide score indicated for an FDR of 1%, a systematic manual validation was done with stringent parameters (at least 6 y or b ions, at least 4 consecutive ions, and peptidic sequence formed of more than 7 amino acids). The proteins were classified according to MapMan (http://mapman.gabipd.org/).
Results
The main objective of the study was a comprehensive characterization of the proteins secreted by two different strains of T. brucei in procyclic form, T. brucei gambiense/Biyamina strain (whose bloodstream form is pathogenic for humans) and T. brucei brucei/Stib 215 strains (whose bloodstream form is pathogenic for animals). A three-step investigation was conducted and consisted in the following: (1) onedimensional electrophoresis profiling of the secreted proteins and comparison with the corresponding proteomes, (2) the identification of the secreted proteins by mass spectrometry and distribution into functional classes, and (3) a crosscomparative analysis between (a) the secretomes of the two strains (procyclic forms) and (b) the secretome of the procyclic forms and the proteome.
One-Dimensional Electrophoresis Protein Profiling of the
Secretomes and Proteomes. The profiles generated by the electrophoretic separation of the secretome proteins from the two procyclic parasite strains (Biyamina and Stib 215) and their corresponding proteomes are shown in Figure 1 . A high number of bands were separated, corresponding to proteins with molecular weights ranging from 7.2 to 205.8 kDa.
Clear differences were noted between the electrophoretic profiles of the proteome of the two procyclic strains and their corresponding secretome profiles, in terms of both proteic band intensity and presence or absence of several protein bands. Furthermore, since over the entire 2-hour secretion process (a) the parasites' viability remained constant and was greater than 98% and (b) the incubated trypanosomes presented normal morphology and motility, all these data indicate that the secretome resulted from an active export of proteins from living trypanosomes and not from cellular lysis.
The electrophoretic profiles of the proteome of the two procyclic strains show that they have many protein bands in common (32-34 visible bands); some differences in intensity were noted after coomassie staining.
Visual observation of the 1D gels showed similarities as well as some quantitative and qualitative differences between the secretome profiles of the two parasite subspecies. (Figure 2 and Supplementary table 1). Both of the procyclic strains' secretomes, the proteins associated with unassigned functions, those associated with (un)folding and degradation processes, and protein synthesis were quantitatively the largest categories, with a total of 60% of the secreted proteins ( Figure 2 ). Moreover, lipid and cofactor, transport, RNA/DNA metabolism, cell cycle and organization, nucleotide metabolism, and amino acid metabolism contribute approximately 26% of the secreted proteins, and finally carbohydrate metabolism accounts for about 9% of the secreted proteins. Globally, the importance (expressed as the percentage of the proteins concerned) of each functional class is similar for both procyclic strains, except for the redox and signaling classes that are under-represented in the T. brucei brucei strain (Stib 215) secretome as compared with the T. brucei gambiense strain (Biyamina) (Figure 2 ).
Overlap between the Secretomes of the Two Procyclic
Parasites. Comparing the secretomes of two procyclic strains ( Figure 3 (Table 1) . Surprisingly, we also identified a serine protease inhibitor among the proteins secreted by both strains. Figure 4 : Overlap between all the proteins from procyclic secretomes (Biyamina and Stib) and total proteome [59] . Proteins found in the analysis of secretomes and T. brucei total proteome were compared. The red domain represents the proteins common in the two proteomes (284 proteins).
More than one-third of the proteins (39.2%) specifically secreted by Stib 215 procyclic strain corresponds to hypothetical proteins, although they account for only 27.8% in Biyamina. Of major interest was the observation that some proteins, such as calreticulin and IgE-dependent histamine-releasing factor which belong to the class of signaling proteins, were specifically secreted only by the Biyamina strain; this strain also secreted higher levels (2.9%) of proteins belonging to the redox class.
Overlap between the Secretome of Procyclic Parasites and
Total Proteome. Finally, only 45% of the proteins secreted by the procyclic strains were common to the proteins from the procyclic total proteome (Figure 4 ). This data also corroborates that the secretome results from an active protein exportation from living cells.
Discussion
The life cycle of Trypanosoma is complex and requires the expression of specialized proteins for the development of the parasite in both invertebrate and vertebrate host environments, to escape host immune responses.
For successful Glossina infection, the parasite has to adapt to its novel environment; it must switch both from a homoiothermic to a poikilothermic host and from a mammal to an insect. Furthermore, it must develop new weapons or choose among its panel of weapons to fight a novel type of host defense.
In vertebrate hosts, trypanosome bloodstream forms are protected by the variant surface glycoprotein (VSG), which prevents their recognition by the host immune system. When the parasites are taken up by the insect in the blood meal, they must confront the insect's immune system, mainly composed of midgut proteases, physical barriers such as peritrophic matrix [24] , reactive oxygen species [25, 26] , and antimicrobial peptides [27] . A number of studies have revealed that the procyclins, surface glycoproteins expressed by trypanosome procyclic forms, may protect these forms against tsetse midgut proteases [28, 29] . However, there are yet no examples of direct interactions between tsetse fly and trypanosome molecules. The purpose of this study was to identify the whole excreted/secreted proteins in two trypanosome procyclic forms to better understand the interactions between the trypanosome and tsetse fly in terms of establishment in the midgut or vectorial competence and to search for new tools for vector control strategies.
We successfully used 1D electrophoresis and MS/MS to establish the first extensive protein map of the secretome of the procyclic form of the parasite using stringent mass spectrometry criteria to validate potential candidates (False Discovery Rate (FDR) < 1%). The substantial differences between the set of proteins secreted by both trypanosome strains and those of their respective total proteomes demonstrate that the proteins identified in the secretome are indeed secreted and are not an artifact resulting from possible cell lysis during the secretion step. Sequencing 1D gel showed that a large number of proteins were specifically secreted by both Biyamina (T. brucei gambiense) and Stib 215 (T. brucei brucei) (42.4% and 34.6%, resp.). The differences in the protein secretion profiles between the two parasite subspecies may reflect their genetic differences and could possibly be related to differences in Glossina vector competence [14, 15, [30] [31] [32] [33] [34] .
To better understand the possible role of the secreted proteins, they were assigned to functional groups. The groups of unfolding and degradation proteins, protein synthesis, and proteins with no assigned functions were the most numerous.
Unknown or hypothetical proteins are a source of candidates that could be used to explore novel functions.
We did not expect to find so many different peptidase families among the unfolding and degradation classes of secreted proteins. Members of serine, cysteine proteinases, and metallopeptidases were identified. The group of proteases deserves the greatest attention because these enzymes cover a large panel of physiological and pathological functions. Consequently, representatives of this group are known to be virulence factors, to favor parasite invasion and its growth in the hostile host environment, to make it possible to escape the host immune defenses, and/or, finally, to produce nutrients by hydrolyzing host proteins. Some parasites such as Plasmodium falciparum produce a diversified panel of secreted and surface-bound proteases [35] . In a variety of animals, including humans [36] as well as arthropods [37] , the blood clotting system plays an important role in the immobilization of invading parasites, and in preventing their dispersal from the site of initial invasion. Proteolytic degradation on the blood clots would allow escape from this confinement. How the parasite proteases process to inactivate or cause the inappropriate expression of host immune defense systems is a major question. In addition to their direct role as virulence factors, secreted proteases are involved in various housekeeping functions during parasitic infection. As shown in Porphyromonas gingivalis, the proteolytic degradation of host proteins is able to produce nutritive elements for parasite growth [38] . Virulence has correlated positively with the expression of secreted proteases in a variety of systems where virulence can be modified genetically or in response to environmental cues. As a result, strains of Leishmania mexicana, engineered by targeted gene disruption of the genes encoding a pair of cysteine proteases, showed attenuated virulence [39] . The virulence of laboratory strains and clinical isolates of Entamoeba histolytica correlates well with the level of activity of a secreted cysteine protease [40] . In addition, inhibitors of serine proteases have been shown to block the entry of merozoites of Plasmodium into erythrocytes [41] .
Surprisingly, an inhibitor of serine proteases (ecotin) has been discovered in the secretion products of trypanosome strains. The wide distribution of serine protease inhibitors, and their ability to regulate a variety of divergent proteinasedependent physiological functions, shows that they are closely involved in a host of biological processes [42] . In several systems, serine protease inhibitors from viruses have been implicated in pathogen escape from the host immune system [43] . In Brugia malayi, cysteine-protease inhibitors that can inhibit host proteases involved in antigen processing have been discovered [44] .
Besides contributing to protect the parasite against the host's defense mechanisms, many proteases show the capacity to induce perturbations in the host physiology. In addition to their protein degrading activity, proteases perform highly specific processing tasks that can affect protein structure, function, life span, and localization. By limited and specific cleavage, proteases can act as switches, turning protein activity on or off; they can also modulate protein function in more complex ways, regulating vital processes. Metallopeptidase of the M32 family has been found in the secretome of procyclic parasite. This family is absent in eukaryotic genomes other than trypanosomatids [45] . Consequently, proteases constitute both promising candidates for developing diagnostic tools and attractive drug targets to fight trypanosomes and subsequently to control sleeping sickness.
Proteins involved in signaling make up another group of proteins identified in the secretome of procyclic trypanosome, but even this is not a major class; some proteins, such as calreticulin, could play physiopathological roles. Autoantibodies against calreticulin are found in the sera of human hosts in a number of parasitic diseases [46] and it was suggested that the parasite-derived calreticulin could trigger an inappropriate immune response against selfantigens through molecular mimicry [47] .
The class of proteins involved in protein synthesis is quantitatively (17%) well represented in the secretome. The role of such secreted proteins in the tsetse fly midgut is currently unknown. However, some proteins, such as elongation factor-1, were suggested to be a virulence factor in Leishmania [48] .
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We did not expect to find so many representatives of the carbohydrate metabolism protein class (9.79% in the T. brucei gambiense secretome and 8.27% in the T. brucei brucei secretome). Several papers have reported on the ability of the procyclic cell to adapt its metabolism to different environments. Because tsetse hemolymph contains abundant supplies of amino acids, and because the tsetse fly itself uses proline as a major carbon source during flight [49] , it has long been speculated that in situ, the procyclic form of trypanosomes, might use proline. Accordingly, proline is a key component in the culture media currently used to cultivate the parasite. In contrast, another study has shown that, when grown in high glucose-concentrated media, the procyclic cells are susceptible to glycolytic inhibitors and to the downregulation of genes encoding glycolytic enzymes. This confirms the flexibility of the trypanosome metabolism and its adaptability to diverse growth conditions. Cells grown under chemostat conditions were shown to regulate their glucose metabolism according to the availability of proline [50] . Since the buffer we used to stimulate protein secretion contained sugar, it was not surprising to find a high level of enzymes involved in carbohydrate metabolism. Besides, procyclic forms establish mainly in the vector's midgut where sugar may be abundantly available immediately after a blood meal. Nevertheless, two major questions remain unresolved because glycolytic enzymes are expected to be intracellular enzymes. (1) Why is there such a high level of carbohydrate metabolism enzymes secreted? (2) What is the role of such enzymes when secreted in the fly's midgut?
The redox-protein class of secreted proteins was poorly represented. This finding was also unexpected because in the flies' midgut, reactive oxygen species are generated during immune responses or because of the abundance of heme molecules freed from the digested blood meal [51] . In addition, some of these proteins may play roles other than the detoxification of reactive oxygen. Therefore, a superoxide dismutase (SOD) has been shown to be secreted by T. cruzi; it was suggested that this enzyme was involved in both the parasite defense mechanism and the establishment of the parasite in the host [52, 53] . In another context, SOD was considered to participate in the immune escape in filarial infections [54, 55] .
Finally, in the procyclic parasite secretome, we have identified 13 (GAPDH, clathrin heavy chain, Rab protein, ubiquitin, 14-3-3 proteins, cyclophilin, enolase, hsp70, actin, cofilin, tubulin α and β, and histone) out of the 22 proteins commonly associated with the exosome secretion pathway in various organisms [56] . Moreover, we have also identified translationally controlled tumor protein (TCTP) in this secretome. This protein was shown to be present in exosomes [57, 58] .
These results suggest that the secretome proteins may be secreted via an exosome pathway that has never been described until now in trypanosomes. This also suggests that exosome-directed transmission-blocking vaccines could be developed and are capable of suppressing the capacity of the parasite to infect the vector and consequently preventing the spread of the parasite in human populations.
Conclusions
To conclude, the Trypanosoma parasite is a multistage organism that evolves in tsetse flies and vertebrates. Designing drugs that persistently interrupt the life cycle of this parasite requires a comprehensive understanding of its biology and the mechanism involving the vector-parasite interactions. The primary goal of our proteomic investigation was to identify secretome proteins of procyclic parasites to improve the knowledge of these interactions. The secretome encompasses a spectrum of proteins that may be required for every facet of the parasite's lifestyle, from the modification of the physiological environment to the immune escape. This may open leads to initiate novel strategies for controlling the parasites and sleeping sickness.
